An anti-Hebbian form of LTP is observed at excitatory synapses made with some hippocampal interneurons. LTP induction is facilitated when postsynaptic interneurons are hyperpolarized, presumably because Ca 2ϩ entry through Ca 2ϩ -permeable glutamate receptors is enhanced. The contribution of modulatory transmitters to anti-Hebbian LTP induction remains to be established. Activation of group I metabotropic receptors (mGluRs) is required for anti-Hebbian LTP induction in interneurons with cell bodies in the CA1 stratum oriens. This region receives a strong cholinergic innervation from the septum, and muscarinic acetylcholine receptors (mAChRs) share some signaling pathways and cooperate with mGluRs in the control of neuronal excitability.
Introduction
Long-term synaptic potentiation (LTP) has multiple forms. One form, anticipated by Hebb (Hebb, 1949) , is induced when a pre-synaptic neuron fires synchronously with a postsynaptic cell. Induction of "Hebbian" LTP depends on NMDA receptors (NMDARs), which mediate postsynaptic Ca 2ϩ entry at depolarized potentials. Expression involves increases in the number and/or changes in the properties of postsynaptic AMPA receptors (AMPARs; Benke et al., 1998; Malinow and Malenka, 2002; Bredt and Nicoll, 2003) . Synapses which excite hippocampal (Bliss and Lomo, 1973; Morris et al., 1986) and neocortical (Jay et al., 1995; Heynen and Bear, 2001 ) principal cells express Hebbian LTP. Although Hebbian LTP is conventionally presented as a glutamate receptor narrative, it is modulated by other transmitters. Thus aminergic systems enhance LTP (Thomas et al., 1996; Lin et al., 2003) via second-messenger effects on glutamate receptor trafficking.
In contrast, NMDARs are not required for LTP at excitatory synapses on some interneurons. Instead, Ca 2ϩ -permeable AMPARs have been implicated in LTP at glutamatergic synapses made with hippocampal interneurons including those of the CA1 stratum oriens (Lamsa et al., 2007; Szabo et al., 2012) and basket cells (Le Roux et al., 2013) . This NMDAR-independent LTP may be preferentially induced when the postsynaptic cell is maintained at hyperpolarized potentials when Ca 2ϩ entry via Ca 2ϩ -permeable AMPARs should be enhanced, in contrast to the classical Hebbian induction paradigm. Although anti-Hebbian LTP may be induced postsynaptically, it appears to be expressed as an increased probability of glutamate release, similar to NMDAR-independent LTP induced with other protocols (Perez et al., 2001; Nicholson and Kullmann, 2014 ; but see Le Roux et al., 2013) .
Some interneurons located in CA1 stratum oriens express metabotropic glutamatergic receptors (mGluRs) at high levels (Baude et al., 1993; Ferraguti et al., 2004) . Group I mGluRs play an important role in LTP induction at synapses which excite these inhibitory cells (Lamsa et al., 2007; Le Duigou and Kullmann, 2011) . This region is also strongly innervated by cholinergic fibers (Frotscher and Léránth, 1985) . Muscarinic receptor (mAChR) activation increases oriens interneuron excitability (Lawrence et al., 2006a,b; Widmer et al., 2006) but has not been shown to modulate synaptic plasticity. mAChRs and mGluRs interact synergistically in the control of CA1 pyramidal cell excitability (Graves et al., 2012; Park and Spruston, 2012) but possible interactions in LTP induction have not yet been explored.
We therefore asked how mGluR and mAChR signaling might interact in anti-Hebbian LTP. We found that activation of both neurotransmitter receptors was required to induce long-term plasticity at synapses that excite oriens interneurons. Further, antagonists to either receptor blocked effects of the other on the interneuron membrane potential. In contrast, the effects of mGluRs or mAchRs on interneuron after-burst potentials, a postsynaptic property, or on the frequency of miniature EPSPs, a presynaptic characteristic, were not affected by antagonists at the other receptor. We also performed paired recordings between presynaptic CA1 pyramidal cells and postsynaptic oriens interneurons to look for changes in trial-to-trial amplitude fluctuations of synaptic signals induced by mAChR activation. Changes in the amplitude distributions of unitary EPSPs were consistent with a presynaptic locus of expression for anti-Hebbian LTP.
Materials and Methods
Hippocampal slice preparation and maintenance. Animal experiments followed the Scientific Procedures Act (UK, 1986), the European Committee Council Directive (2010/63/UE), and INSERM (France) guidelines. Transverse 350 m hippocampal slices were prepared from male Sprague-Dawley rats, of age P20 -P30, after terminal pentobarbital anesthesia (140 mg/kg). Slices were cut with a vibrating microtome (VT1000S, Leica) in a solution bubbled with 5% CO 2 in 95% O 2 , cooled to 0°-2°C, and containing the following (in mM): 70 sucrose, 80 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 7 MgCl 2 , 0.5 CaCl 2 , and 25 glucose, resulting in a pH of 7.3 and an osmolarity of 315 mOsm.
After preparation, slices were kept at 20°-25°C in a solution containing the following (in mM): 119 NaCl, 2.5 KCl, 26 NaHCO 3 , 1 NaH 2 PO 4 , 3 MgCl 2 , 2 CaCl 2 , 15 glucose, and equilibrated with 5% CO 2 in 95% O 2 , pH 7.3, and 297 mOsm. For recordings they were transferred to a chamber mounted on an upright microscope (BX50WI, Olympus). They were perfused at 3 ml ⅐ min Ϫ1 with the storage solution above modified with CaCl 2 increased to 2.5 mM, and MgCl 2 reduced to 1.3 mM. Chamber temperature was controlled at 30°-32°C. Neurotransmitter receptors antagonists were present in all experiments: picrotoxin (100 M) and CGP52432 (1 M) were used to block GABA receptors, and DL-2-amino-5-phosphonovalerate (50 M) was present to block NMDA receptors. A cut was made between CA3 and CA1 regions to prevent the spread of epileptiform activity from the CA3 region.
Electrophysiology and data analysis. Neurons were visualized for recording with infrared differential interference contrast microscopy. Recordings were made from CA1 pyramidal cells and from interneurons with a soma in stratum oriens and dendrites running parallel to the stratum pyramidale. Pipettes of resistance 4 -5 M⍀ filled with a solution containing the following (in mM): 110 K gluconate, 17.5 KCl, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, 0.3 Na 3 GTP, 5 QX-314Br, pH 7.2, and 296 mOsm, were used for whole-cell recordings in current clamp. Because LTP could not be reliably induced in whole-cell mode, perforated patch recordings were made from interneurons in LTP experiments. Signals were amplified with a Multiclamp 700B amplifier (Molecular Devices). Membrane potential was filtered at 5 kHz, digitized at 10 kHz, and recorded with programs written in Labview (National Instruments) or with pClamp (Molecular Devices). Recordings were discontinued if the series resistance or holding current changed by Ͼ25%.
Excitatory synaptic events were elicited in interneurons of CA1 stratum oriens by local extracellular stimulation of pyramidal cell axons in stratum oriens/alveus. Axons were stimulated via two bipolar stainless steel electrodes placed on either side of the interneuron at the oriens/ alveus border (distance 100 -500 m). Single or paired stimuli, at interval 50 ms, were delivered alternately from the two electrodes at interval 15 s (stimulus duration 50 -100 s; Digitimer). Averages of 20 events were used to estimate the paired-pulse ratio (PPR) of EPSP slope. After recording EPSPs for a control period, the plasticity induction protocol consisted of stimulating one pathway at 100 Hz for 1 s twice at interval 20 s. Responses to stimulating the other pathway were used as control. Interneurons were clamped at Ϫ90 to Ϫ100 mV, during induction, to favor the anti-Hebbian form of plasticity.
Perforated patch recordings were made in some experiments to avoid washout of intracellular elements involved in the induction or expression of synaptic plasticity (Horn and Marty, 1988; Kullmann and Lamsa, 2007) . Gramicidin (100 mg.ml Ϫ1 ; Sigma-Aldrich) was prepared daily in dimethyl sulfoxide and added (1:1000) to a pipette solution containing the following (in mM): 145 K-gluconate, 8 NaCl, 20 HEPES, 0.2 EGTA, and 5 QX-314 Br, pH 7.2, and 295 mOsm. The pipette tip was filled with gramicidin-free solution. Recordings began when the series resistance fell Ͻ150 M⍀, and were discontinued if depolarizing pulses no longer evoked action potentials. Current was injected if necessary to maintain the membrane potential between Ϫ75 and Ϫ65 mV.
In some experiments, we measured afterpotentials induced in stratum oriens interneurons by bursts of action potentials (5 spikes at interval 2 ms elicited at interval 1 min). Current-clamp recordings were made in perforated patch mode with a pipette solution containing the following (in mM): 117.5 K gluconate, 17.5 KCl, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, 0.3 Na 3 GTP, 5 QX-314Br, pH 7.2, and 296 mOsm. Neurons were maintained at Ϫ60 mV. The peak amplitude of the postburst afterhyperpolarization (AHP) or afterdepolarization was measured with respect to this holding potential.
Excitatory synaptic events induced in interneurons by single presynaptic CA1 pyramidal cells were monitored in some experiments. Pyrami-dal cell action potentials were elicited in whole-cell or cell-attached recordings (Perkins, 2006) . The pipette solution for cell-attached recordings included 125 mM NaCl. Postsynaptic interneurons were recorded in whole-cell or perforated patch mode. In some paired recordings where the presynaptic pyramidal cell was held in whole-cell mode, the mean amplitude of postsynaptic responses declined with time. Cell pairs in which responses were not stable after 10 min were not analyzed.
Unitary EPSPs were analyzed from histograms of the distribution of noise and amplitude of evoked events (n ϭ 150 -650 traces). An average of evoked events was made. Potential differences were measured for all events between a time point at the peak of the averaged event and a point before the presynaptic spike (time difference 2-5 ms). A noise distribution was obtained by measuring backward over the same time interval from the time point before presynaptic firing to a previous time point. Mean N , SD N , and amplitude N were derived from a least-squares fit to a Gaussian distribution describing the noise. The distribution of evoked events was described with a least-squares fit of the sum of two Gaussians. One used values obtained from the noise distribution for mean N and SD N , the other found best values for mean E , SD E , and amplitude E , as well as a ratio for the amplitudes of the two distributions r E/N. This analysis provided estimates for the amplitude of EPSPs and their variability, as well as the proportion of evoked EPSPs and failures before and after the induction of synaptic plasticity.
Pharmacology. Activation of Group 1 mGluRs was suppressed using the antagonists LY 367385 [(S)-(ϩ)-a-amino-4-carboxy-2-methylbenzeneacetic acid; 100 M] and MPEP [2-methyl-6-(phenylethynyl)pyridine hydrochloride; 25 M]. mGluR receptors were activated using DHPG [(S)-3,5-di-hydroxyphenylglycine; 5 M]. Signaling at mAChRs was suppressed with atropine (10 M), a broad spectrum antagonist, or telenzepine (75 nM), a specific M1 receptor antagonist. mAChRs were activated with the broad-spectrum agonist oxotremorine (OxoM; 5 M). Miniature EPSCs were recorded in the presence of tetrodotoxin (TTX; 1 M). The AMPA receptor antagonist GYKI 53655 (25 M) was used to reversibly suppress glutamatergic EPSPs.
Immunofluorescence assays. Brain sections of thickness 40 m were obtained from rats perfused with 4% paraformaldehyde. Slices were exposed to three freeze-thaw cycles on dry ice and rinsed for 1 h in PBS. A quenching step using a 0.3% H 2 O 2 solution in PBS was followed by saturation with a blocking solution of 10% normal donkey serum and 1% Triton X-100 for 1 h. Slices were exposed overnight to primary antibodies in PBS containing 1% normal donkey serum at 4°C. After washing with PBS, they were incubated with secondary antibodies in PBS for 2 h at room temperature. Cell bodies were revealed with DAPI (10 g/ml). The primary antibodies used in this study were as follows: anti-mGluR1␣ (polyclonal guinea-pig, Frontier Institute mGluR1a-GP-Af660 1:500); anti-M1 mAChRs (polyclonal rabbit, Frontier Institute, mAChR-M1-Rb-Af340 1:500). Secondary antibodies used are conjugated with AlexaFluor 555 or 488 (dilution 1:500; Invitrogen). Slices were mounted on glass slides using ProLong Gold Antifade Reagent (Life Technologies) as mounting medium. Images were made with a confocal microscope (Leica SP2 AOBS, AOTF) with laser wavelengths 405, 488, and 543 nm and a 40ϫ objective of NA 1.25. Images were acquired at a 2048 ϫ 2048 resolution for a final voxel size of 183 nm in X and Y, and 1.25 m in Z, or with a macroscope (Nikon AZ100, equipped with DAPI, FITC, and TRITC filters; a Nikon digital Sight DS-Ri1; and a 2ϫ objective of NA 0.2.) Images were acquired at 1280 ϫ 1024 resolution with a 2.5 zoom for a final pixel size of 2.24 m).
Results
Both mAChRs and group I mGluRs are necessary for LTP induction LTP at excitatory synapses made with CA1 stratum oriens interneurons can be induced by pairing postsynaptic hyperpolarization with high-frequency stimulation of fibers in stratum oriens (Lamsa et al., 2007; Oren et al., 2009 ). This induction protocol in principle could also release neurotransmitters from nonglutamatergic synapses, such as those made by cholinergic fibers which project in this layer (Dutar et al., 1995; Fukudome et al., 2004 ; Fig. 1 ). We used immunofluorescence to examine the degree of overlap of mGluR1a and M1 mAChRs (Fig. 1A-G) . Immunoreactivity for muscarinic 1 receptors (M1 mAChRs) in stratum oriens was diffuse, whereas mGluR1␣ was expressed by neurons close to the alveus (Fig. 1A) . M1 mAChRs were located in CA1 pyramidal cell bodies and in some stratum oriens interneurons (Fig.  1B ,C-G). mGluR1a was expressed in proximal dendrites of CA1 pyramidal cells and in the cell bodies of some interneurons in stratum oriens (Fig. 1A,C-G) . The colocalization of M1 mAChR and mGluR1 in interneurons of stratum oriens raises the possibility that they interact in the induction of LTP.
We therefore asked whether cholinergic receptor antagonists influence anti-Hebbian LTP induction. In perforated patch recordings from interneurons, the control induction procedure led to an increase in EPSP slope to 158 Ϯ 2% of baseline, measured at 20 min after pairing ( Fig. 1H ; n ϭ 8 interneurons). LTP at these synapses was prevented (Fig. 1I ) by the broad-spectrum mAChR antagonist atropine (10 M). EPSP slope at 20 min after stimulation was 110 Ϯ 17% (paired t test, p ϭ 0.99, n ϭ 9), although a short-term potentiation of 137 Ϯ 16% was apparent at 10 min. The more specific M1 muscarinic receptor antagonist, telenzepine (75 nM; Levey et al., 1995; Rouse et al., 1999; Yamasaki et al., 2010) , also prevented LTP (n ϭ 7, paired t test, p ϭ 0.72; Fig. 1J ). Thus M1 mAChR activation is required for induction of LTP at these excitatory synapses.
Activation of group I mGluRs has been shown to play a similar role in the induction of anti-Hebbian LTP at these synapses (Le Duigou and Kullmann, 2011). We confirmed that either the mGluR5 antagonist MPEP (25 M), or the mGluR1 blocker LY 367385 (100 M) prevented a maintained enhancement of EPSP slope. EPSP slope at 20 min was 90 Ϯ 10% (n ϭ 9; p ϭ 0.31) when high-frequency stimulation was coupled with postsynaptic hyperpolarization in the presence of MPEP (n ϭ 7, p ϭ 0.14; Fig. 1K ) and 110 Ϯ 14% when the induction protocol was delivered in the presence of LY 367385 (n ϭ 7; data not shown).
Cooperation of group I mGluRs, mAChRs, and calciumpermeable AMPARs during LTP induction
These data suggest that induction of LTP at these synapses may require not only the activation of calcium-permeable AMPA receptors (Oren et al., 2009 ) but also of mGluRs and mAChRs. We tested this hypothesis by asking whether pharmacological activation of the G-protein coupled receptors (GPCRs) induced long-term changes.
Pairing hyperpolarization of an interneuron recorded in perforated-patch mode with application of the mAChR agonist OxoM (5 M; 10 min), and/or the group I mGluR agonist, DHPG (5 M; 10 min), induced an increase in EPSP slope. After activation of mAChRs by OxoM, EPSP slope increased to 158 Ϯ 3% of control values (n ϭ 7; p ϭ 0.0003; Fig. 2A ). After activation of group I mGluRs by DHPG, EPSP slope increased to 151 Ϯ 14% (n ϭ 10; p ϭ 7 ϫ 10 Ϫ8 ; Fig. 2B ). EPSP potentiation induced by DHPG, but not by OxoM, was preceded by a transient synaptic depression (Palmer et al., 1997; Fitzjohn et al., 1999; Gibson et al., 2008) . However, no delayed potentiation was induced either when the agonist was applied (OxoM or DHPG) without membrane potential control nor when the interneuron was only hyperpolarized (data not shown; cf. Le Duigou and Kullmann, 2011). When both mGluR and mAChRs were simultaneously activated by coapplication of OxoM and DHPG, EPSPs were facilitated to a similar extent as by either agonist alone. EPSP slope at 40 min after induction was 156 Ϯ 20% (n ϭ 8; p ϭ 0.002; Fig.  2C ). Coapplication of OxoM and DHPG also depressed EPSPs transiently, for a longer duration than the depression induced by DHPG alone.
We next asked whether ionotropic AMPA receptors must also be activated during the induction of plasticity by GPCRs. First, we investigated the requirement that the recorded interneuron be clamped to a hyperpolarized potential (Ϫ80 to Ϫ100 mV). No potentiation was detected if interneurons were allowed to depolarize during application of OxoM or DHPG, (OxoM, n ϭ 6; DHPG, n ϭ 7; data not shown). Second, we asked whether OxoM or DHPG induced LTP when ionotropic glutamate receptors were blocked. For these experiments, EPSPs were completely and reversibly blocked (n ϭ 9; p ϭ 0.15, paired t test; Fig. 2D ) using the AMPA receptor antagonist GYKI 53655 (25 M, bath application 5-7 min, recovery in 20 -30 min). Both group I mGluRs and mAChRs were activated by applying DHPG (5 M) and OxoM (5 M; 10 min) during EPSP suppression by GYKI 53655. This procedure did not induce LTP but rather led to a depression of EPSP slope to 76 Ϯ 2% at 40 min (n ϭ 7, p ϭ 0.009; Fig.  2E ). Such a synaptic depression may result from the activation of group I mGluR (Palmer et al., 1997; Fitzjohn et al., 1999; Mannaioni et al., 2001) or of mACh receptors (Auerbach and Segal, 1996; Shinoe et al., 2005; McCutchen et al., 2006; Dickinson et al., 2009 ). After transient suppression by GYKI 53655, EPSPs were not persistently enhanced at 60 min, whether interneurons were hyperpolarized to Ϫ80 to Ϫ100 mV (n ϭ 4) or not (n ϭ 3). Figure 2F summarizes persistent changes in EPSP slope induced by applying mGluR and mAChR agonists in the absence or the presence of GYKI 53655 to suppress glutamatergic EPSPs during the induction procedure. We conclude that LTP induction at these synapses requires conjoint activation of Ca 2ϩ -permeable AMPARs, group I mGluRs and mAChRs.
Crossed effects of M1 mAChRs and group I mGluR antagonists
If LTP induction requires activation of both mGluRs and mAChRs, as well as calcium-permeable AMPA receptors, it should be suppressed by antagonists of either GPCR. To test this hypothesis, pharmacological activation of group I mGluRs or mAChRs was paired with interneuron hyperpolarization. Effects of this induction procedure were then tested in the presence of antagonists of the other GPCR (Fig. 3) .
Application of the group I mGluR antagonists LY367386 (100 M) and A-G, Doubleimmunofluorescence of mGluR1␣ and M1 mAChR in the hippocampus. Immunoreactivity for mGluR1␣ is restricted to the alvéus of CA1 region, CA3 and hilus of dentate gyrus, whereas immunoreactivity for M1 mAChR is more distributed throughout the hippocampus (A-C). The mGluR1␣ (green) is expressed in the proximal dendrite of CA1 pyramidal cells located in the alveus (D-F ) and in some of the cell bodies of interneurons located in stratum oriens (F ). Even with a widespread expression, M1 mAChR (red) are more distributed in the cell bodies of CA1 pyramidal cells (D, E, G), as well as in some stratum oriens interneurons (F ). Scale bars: A-D, 200 m; E, 50 m; F, G, 20 m. H, High-frequency stimulation (HFS; 2 ϫ 100 Hz, 1 s) of oriens/alveus fibers (S1) coupled with postsynaptic hyperpolarization to Ϫ90 Ϫ110 mV (Hyperpo) induced a long-term potentiation of EPSP slope in the stimulated (S1) pathway, but not the nonstimulated (S2) pathway. Top, Schema showing sites of stimulation, S1 and S2, and perforated patch recording. Inset, Representative sample traces from a single neuron before (black) and after (red) the LTP induction. I, Only a transient potentiation was induced in the presence of the broad spectrum mAChR antagonist atropine (10 M). J, The M1 mAChR antagonist telenzepine (75 nM) suppressed LTP. K, LTP was suppressed by the type I mGluR antagonist MPEP (25 M). H-K, Each symbol represents an average of 20 events elicited at 15 s intervals and error bars show SEM. Time t ϭ 0 corresponds to the induction procedure.
MPEP (25 M) converted an OxoMinduced potentiation into a depression to 74 Ϯ 10% of control EPSP slope ( Fig.  3A1 ; at 30 min; paired t test, p ϭ 3 ϫ 10 Ϫ7 , n ϭ 7). Similarly, application of the M1 mAChR antagonist telenzepine (75 nM) converted the DHPG-induced potentiation into a depression of EPSP slope to 72 Ϯ 9% ( Fig. 3B1 ; at 30 min; paired t test, p Ͻ 10 Ϫ7 , n ϭ 7). In both cases the depression tended to return toward baseline levels. These data reveal unexpected reciprocal actions of antagonists at M1 mAChRs and group I mGluRs during the induction of longterm plasticity.
No evidence for presynaptic interactions between M1 mACh and group I mGlu receptors These data suggest that antagonists at M1 mAChRs suppress the actions of group I mGluRs in the induction of long-term plasticity and vice versa. We next asked whether a similar interaction was evident in the effects of these antagonists on a presynaptic property-glutamate release.
Miniature EPSCs (mEPSCs) were recorded in the whole-cell mode from stratum oriens interneurons in the presence of TTX (1 M). The muscarinic receptor agonist OxoM (5 M) increased the mEPSC frequency from 5.1 Ϯ 1.4 Hz to 7.8 Ϯ 2.5 Hz; ( Fig. 4A,B ; n ϭ 9; increase of 60 Ϯ 3%; p ϭ 0.01, paired t test). Repeating the application of OxoM in the presence of the mGluR antagonists MPEP (25 M) and LY367386 (100 M) increased the mEPSC frequency from 3.4 Ϯ 0.8 Hz to 5.7 Ϯ 1.4 Hz ( Fig.  4A,B ; n ϭ 8; increase of 110 Ϯ 50%; p ϭ 0.01, paired t test). Thus mGluR antagonists did not prevent the increase in mEPSC frequency induced by mAChRs ( Fig. 4B ; nonpaired t test, p ϭ 0.3). Similar changes in mEPSP frequency were observed in current-clamp recordings (n ϭ 15 for OxoM; n ϭ 13 for DHPG; data not shown).
Conversely, the group I mGluR agonist DHPG (5 M) increased mEPSC frequency from 7.5 Ϯ 1.6 Hz to 12 Ϯ 3.4 Hz ( Fig. 4C,D ; n ϭ 6; increase of 50 Ϯ 19%; p ϭ 0.024, paired t test). In the presence of the M1 mAChR antagonist telenzepine (75 nM), DHPG increased the mEPSC frequency from 6.2 Ϯ 2.1 Hz to 9.0 Ϯ 3.0 Hz (Fig. 4C,D ; n ϭ 5; increase of 46 Ϯ 16%; p ϭ 0.018, paired t test). Thus the mAChR antagonist had no significant effect on the mGluR-mediated increase in mEPSC frequency (Fig. 4D, nonpaired t test, p ϭ 0.9) . Similarly, no difference was detected when mEPSPs were recorded in current clamp (n ϭ 8).
In whole-cell recordings from stratum oriens interneurons, amplitude distributions of miniature EPSCs (range 5-30 pA) were not altered by either OxoM or DHPG (t test, p ϭ 0.12 for DHPG; p ϭ 0.84 for OxoM; data not shown). Similarly mEPSC amplitudes were not affected by group I mGluR or mAChR antagonists. These changes in mEPSC frequency (Fig. 4B,D) show that mAChRs and group I mGluRs are both expressed at excitatory terminals. However, they provide no evidence for interactions between the GPCR signaling systems at this site.
Postsynaptic crossed antagonism at M1 mACh and group I mGlu receptorss We next looked for crossed antagonist effects at mAChRs and group I mGluRs expressed by postsynaptic interneurons. Activa- tion of either receptor affects transient and persistent K ϩ currents. We tested possible effects on the voltage trajectory after interneuron firing (Benardo and Prince, 1982; Greene et al., 1994; Kawasaki et al., 1999; McQuiston and Madison, 1999; Ireland and Abraham, 2002 ) and on the steady-state membrane potential (Cole and Nicoll, 1983; Madison et al., 1987; Crépel et al., 1994; Guérineau et al., 1995; Howe and Surmeier, 1995; Mannaioni et al., 2001; Lawrence et al., 2006a) .
We first examined actions of group I mGluR and mAChR activation on the AHP that follows repeated action potentials (Park and Spruston, 2012) . In perforated patch recordings from stratum oriens interneurons maintained at Ϫ60 mV, five action potentials were induced by currents injected at interval 2 ms. They were followed by an AHP with time to peak of 5-50 ms, (n ϭ 48 of 51 cells; Fig.  5 A, B) .
The mAChR agonist OxoM (5 M) reduced the amplitude of the hyperpolarization following bursts of five action potentials (Fig. 5 A, C, E, F ) but only converted an AHP into a depolarizing afterpotential (DAP) in a minority of stratum oriens interneurons (cf. Lawrence et al., 2006b). After-potentials were measured as the difference in membrane potential before and 50 ms after firing. OxoM induced a mean shift in this difference of ϩ2.6 Ϯ 0.9 mV, from a postburst potential of Ϫ4.1 Ϯ 0.8 to Ϫ1.4 Ϯ 1 mV (n ϭ 25; Fig. 5C, E, F ) . Applied in the presence of the group I mGluR antagonists, MPEP (25 M) and LY367386 (100 M), OxoM induced a shift in potential of 2.7 Ϯ 0.8 mV (Fig. 5C, E, F ) . Thus mGluR antagonists did not affect the postburst polarization induced by OxoM (t test, p ϭ 0.8; Fig. 5E ).
The group I mGluR agonist DHPG (2 M) typically reduced the postburst AHP in oriens interneurons and sometimes converted an AHP into a DAP (Fig.  5 B, F ) . Applied alone, DHPG induced a mean shift in potential of 3 Ϯ 1.4 mV at 50 ms after firing (n ϭ 24; Fig. 5 D, F ) . In the presence of the M1 mAChR antagonist telenzepine (75 nM), the shift induced by DHPG was 4.0 Ϯ 1.6 mV (t test, p ϭ 0.497; Fig. 5D-F ) .
In conclusion, antagonists of one GPCR did not affect the actions of agonists of the otherreceptoronthemembranepotentialtrajectory after interneuron burst firing.
In contrast we did detect crossed antagonist effects in long-term actions of these GPCRs on interneuron membrane potential. In current-clamp recordings made in perforated patch mode, bath application of the mGluR agonist DHPG (5 M, 10 min) caused an acute depolarization of 12.5 Ϯ 5 mV (paired t test, p ϭ 0.038, n ϭ 9; Fig. 6 A, A2 ), followed by a rebound hyperpolarization. Neurons were still hyperpolarized 30 min later, by 3.0 Ϯ 0.9 mV from Ϫ76.2 Ϯ 4 to Ϫ79.4 Ϯ 4 mV (paired t test, p ϭ 0.01). When DHPG was applied in the presence of the cholinergic antagonist telenzepine (75 nM), it induced a similar initial depolarization of 13.0 Ϯ 3.0 mV (paired t test, p ϭ 0.006, n ϭ 8). However there was no consistent long-term hyperpolarization (72 Ϯ 2.2 to Ϫ69 Ϯ 3.1 mV) of membrane potential at 30 min after washout (n ϭ 8, nonpaired t test, p ϭ 0.105). Thus, as for the effects on LTP induction, the mAChR antagonist affects the long-term actions of a group I mGluR agonist on interneuron membrane potential.
In reciprocal experiments OxoM (5 M, 10 min application; Fig. 6 B, B2) induced a peak acute interneuron depolarization of 5.6 Ϯ 2.2 mV (n ϭ 6; paired t test, p ϭ 0.04) and a small nonsignificant hyperpolarization (from Ϫ83.3 Ϯ 2.9 mV at baseline to Ϫ85.5 Ϯ 3.5 mV) at 30 min (n ϭ 6; paired t test, p ϭ 1). Repeated in the presence of the group I mGluR receptor antagonists MPEP (10 M) and LY367386 (100 M), OxoM application induced a similar acute depolarization of 5 Ϯ 1.8 mV (paired t test, p ϭ 0.03, n ϭ 6). However a persistent change in potential of 10 Ϯ 1.8 mV (from Ϫ87 Ϯ 2.8 mV at baseline to-77 Ϯ 3 mV) was maintained at 30 min after washout (n ϭ 6; paired t test, p ϭ 0.017). These data suggest that antagonists of either mAChR (M1) or mGluR (group I) can alter persistent actions on interneuron membrane potential induced by agonists at the other GPCR.
Interneuron membrane potential was not clamped to negative potentials during agonist application in the experiments shown in Figure 6A2 and B2. We next asked how this procedure, which should enhance Ca 2ϩ entry via AMPARs expressed by interneurons, affected longterm changes in their membrane potential. OxoM application coupled with interneuron hyperpolarization increased EPSP slope but did not induce a significant long-term change in membrane potential (from Ϫ73.8 Ϯ 2.2 mV, at 60 min after OxoM Ϫ75.3 Ϯ 2.4 mV; n ϭ 7, p ϭ 0.148; Fig. 6B1,B3 ). Repeating OxoM application in the presence of LY367386 and MPEP induced no long-term change in membrane potential (before OxoM Ϫ72.6 Ϯ 0.9 mV, at 60 min after OxoM Ϫ73.4 Ϯ 1.2 mV; n ϭ 7, p ϭ 0.67; Fig. 6B1,B3 ). DHPG coupled with interneuron hyperpolarization did not induce a persistent change in interneuron membrane potential whether it was applied alone or in the presence of telenzepine (paired t test, p ϭ 0.95, n ϭ 10; Fig. 6A1,A3 ).
Properties of synapses expressing anti-Hebbian plasticity
Most excitatory synapses on stratum oriens interneurons are made by CA1 pyramidal cells (Blasco-Ibáñez and Freund, 1995) . Because extracellular stimulation has been used in most studies, LTP of these synapses has not been examined in isolation in paired recordings. We recorded from synaptically coupled pyramidal cells and stratum oriens interneurons (Ali and Thomson, 1998; Losonczy et al., 2002) to characterize this synapse and the factors controlling its long-term plasticity (Fig. 7) .
Action potentials were induced in CA1 pyramidal cells recorded in whole-cell (n ϭ 22) or cell attached (n ϭ 12) modes. EPSPs evoked in stratum oriens interneurons (Fig. 7B) were recorded in whole-cell (n ϭ 11) or perforated patch mode (n ϭ 23). The proportion of EPSPs elicited by single presynaptic action potentials ranged between 3 and 100% at different pairs. The remaining trials, when action potentials elicited responses indistinguishable from the noise, were classed as failures of transmission (n ϭ 34; Fig. 7C,D) . The mean amplitude of all evoked events varied between 0.3 and 8 mV (1.26 Ϯ 0.23 mV, n ϭ 20; Fig. 7C ).
EPSPs typically facilitated in response to a second action potential at short interval (5-50 ms; Fig. 7E ). The mean PPR for a second EPSP induced at an interval of 20 ms was 160 Ϯ 27% (n ϭ 8). EPSPs recorded at Ϫ60 mV (Fig. 7F ) , decayed with an exponential time constant between 15 and 35 ms (mean 26.4 Ϯ 6 ms, n ϭ 6). Hyperpolarization from Ϫ60 to Ϫ90 mV, as during LTP induction, acutely increased EPSP amplitude by 40 Ϯ 14% (n ϭ 4 pairs, averages of 30 or more EPSPs; Fig. 7F ). The decay time constant was prolonged from 9.1 to 24 ms at Ϫ90 mV for one unitary EPSP, but only minor voltage-dependent changes were apparent for the other EPSPs.
Expression sites of plasticity at excitatory synapses onto stratum oriens interneurons
Long-term plasticity of these excitatory synapses was examined using several different protocols. We first asked whether persistent changes in synaptic efficacy could be induced by stimulating a single presynaptic pyramidal cell at high-frequency (100 Hz; 100 spikes) while hyperpolarizing the postsynaptic interneuron to Ϫ90 to Ϫ100 mV. At 20 min after this induction procedure, the mean amplitude of unitary EPSPs was reduced in 7 of 14 pairs tested (42 Ϯ 6%) and changed by Ͻ10% for the other seven pairs.
Reasoning that stimulating single pyramidal cells may not activate GPCRs, we used paired recordings to look for changes at excitatory synapses during pharmacologically induced plasticity (compare Figs. 8, 2) . Pyramidal cells were recorded in whole-cell mode and OxoM (5 M) was applied for 5 min. Postsynaptic interneurons were recorded in the perforated patch mode because perturbation of the internal milieu suppresses anti-Hebbian LTP (Fig. 8A2) . Postsynaptic cells were hyperpolarized during GPCR agonist application and LTP occurrence was tested in response to stimulating afferents extracellularly (Fig. 8A1) , as well as in response to action potentials in a single CA1 pyramidal cell (Fig. 8A2) . In five experiments, a mean increase in EPSP slope of 128 Ϯ 9% was evoked at 30 min after induction at the synapses activated by fiber stimulation (eEPSP; paired t test; p ϭ 0.04; Fig. 8A1 ). However, unitary EPSPs recorded at the same time were not potentiated. Mean unitary EPSP amplitude was depressed at 30 min in three of five pairs and did not change in the other two pairs (paired t test; p ϭ 0.62; Fig. 8A2 ).
Finally, we asked whether pharmacologically induced LTP might be sensitive to perturbation of the internal medium of the Figure 6 . Cross talk between effects of group I mGluRs and M1 AChRs on interneuron membrane potential. A1, Summary of mean persistent change in membrane potential of interneurons after application of DHPG (10 min, 5 M) in the absence and in the presence of the M1 mAChR antagonist telenzepine. A2, A persistent long-term hyperpolarization was evident at 30 min after DHPG application when the V m was not clamped (n ϭ 9; p ϭ 0.01, paired t test, black points). This persistent hyperpolarization was abolished when DHPG was applied in the presence of the M1 mAChR antagonist telenzepine (n ϭ 8; blue points). Top, Representative traces are shown from single interneurons. A3, No long-term changes of membrane potential were detected when the interneuron was hyperpolarized during the DHPG application. B1, Summary of mean persistent change in membrane potential of interneurons induced by OxoM (10 min, 5 M) in the absence and later in the presence of the group I mGluR antagonists MPEP and LY367386. B2, A persistent depolarization occurred when group I mGluR antagonists were present and the membrane potential was not clamped (n ϭ 6 neurons; p Ͻ 0.01, paired t test, red points). Top, Representative traces are shown from single interneurons. B3, No persistent change in membrane potential occurred when the interneuron was hyperpolarized during OxoM application (n ϭ 7). In A2, A3, B2, and B3 each symbol is a mean V m value from 20 measurements at 15 s intervals. Bars show SEM. presynaptic pyramidal cell. To avoid cytoplasmic dialysis, presynaptic cells (n ϭ 9) were recorded in cell-attached rather than whole-cell mode (Fig. 8B) . Unitary EPSPs were induced by single or repetitive presynaptic action potentials. Responses to extracellular fiber stimulation were recorded in parallel to test whether synaptic potentiation was elicited (Fig. 8B1) . In three of nine experiments using this protocol, neither EPSPs induced by fiber stimulation nor unitary EPSPs exhibited LTP. In the other six experiments however, both afferent and unitary EPSPs were potentiated at 30 min after induction. The slope of afferent EPSPs increased by 75 Ϯ 15% (Fig. 8B1) , and in parallel, the mean amplitude of all responses, including failures, induced by single CA1 pyramidal cells increased by 49 Ϯ 3% (Fig. 8B2) .
Analysis of trial-to-trial fluctuations of unitary responses may resolve presynaptic and postsynaptic contributions to enhanced synaptic efficacy. In four of six paired recordings where unitary EPSPs were potentiated, transmission failures were detected (Fig. 8) before the antiHebbian protocol was applied: the proportion of failures decreased from 30 Ϯ 5 to 15 Ϯ 4% of trials (n ϭ 4) at 30 -50 min after LTP induction. The amplitude of evoked EPSPs (Fig. 8) changed from 1.1 Ϯ 0.2 to 1.7 Ϯ 0.3 mV at 30 -50 min after induction. A mean increase of 49% in amplitude of evoked EPSPs was not statistically significant (paired t test, p ϭ 0.159). Finally the PPR of EPSPs induced by two presynaptic action potentials at 50 ms interval increased by 21 Ϯ 3% in four pairs and decreased by 17.5 Ϯ 1.8% in the other two pairs. Although preliminary, these findings are consistent with a presynaptic increase in neurotransmitter release.
Discussion
The present study shows that group I mGluRs and mAChRs are both involved in the induction of LTP at synapses that excite stratum oriens interneurons. Antagonists of either receptor suppressed persistent changes in synaptic efficacy elicited by agonists of the other receptor pointing to a cooperative action. A similar cross talk was evident in the persistent effects of mGluRs and mAChRs on interneuron membrane potential, but not in their effects on the frequency of miniature EPSPs or on the afterhyperpolarization elicited by bursts of action potentials. Recordings from single excitatory connections suggest that LTP depends, at least in part, on an increase in transmitter release. If the interactions involved in LTP induction occur postsynaptically, then a signal is presumably transmitted to enhance release from presynaptic terminals.
LTP induction requires activation of mGluR and mAChRs
The present data show that activation of M1 mAChRs is required to induce anti-Hebbian LTP (Fig. 1) . This form of LTP is typically induced by high-frequency extracellular stimulation in stratum oriens although it can also be elicited by pairing 5 Hz stimulation with postsynaptic hyperpolarization (Lamsa et al., 2007) . A related form of LTP can be elicited by extracellular theta-burst stimulation (Perez et al., 2001) . Such stimulation protocols are likely to excite cholinergic axons and activate mAChRs (Cole and Nicoll, 1984) , which are moreover tonically active in hippocampal slices. Muscarinic receptor activation is then part of a triple requirement for LTP induction. mGluRs have been also implicated in long-term plasticity at excitatory synapses made with oriens interneurons (Perez et al., 2001; Topolnik et al., 2006) and their activation is required to induce anti-Hebbian LTP (Lamsa et al., 2007; Le Duigou and Kullmann, 2011) . The necessity for activation of Ca 2ϩ -permeable AMPARs has been firmly established at this (Lamsa et al., 2007; Oren et al., 2009) Release probability at these connections varied from high to low. E, Paired-pulse facilitation was typical for EPSPs initiated by the second of two presynaptic spikes at interval 30 -200 ms. F, Postsynaptic hyperpolarization from Ϫ60 to Ϫ100 mV, increased the amplitude of unitary EPSPs. The graph shows the amplitude of all EPSPs (n ϭ 122) recorded from one pair at potentials between Ϫ93 and Ϫ58 mV. Inset, Averaged EPSPs (n ϭ 50) recorded at Ϫ60 mV (black) and Ϫ90 mV (red).
activation was coupled to interneuron hyperpolarization (Fig. 2) . However, the suppression by antagonists of either receptor (Fig.  3 ) of pharmacologically induced LTP was surprising and may point to a deeper cooperation or synergy between mGluRs and mAChRs. Furthermore we detected a long-term plasticity of interneuron membrane potential (Fig. 6) , which also required a cooperation between these two GPCRs but without a necessity for interneuron hyperpolarization. Activation of group I mGluRs and /or M1 mAChRs may induce bidirectional synaptic plasticity (Palmer et al., 1997; Volk et al., 2007; Kamsler et al., 2010) . In this study preventing activation of either GPCR (Fig. 3 A, B) produced a synaptic depression. However, when both GPCRs and AMPARs (Fig. 2 D, E) were activated and the interneuron membrane potential was hyperpolarized, synaptic potentiation was revealed.
Interactions between group I mGluRs and M1 mAChRs Group I mGluRs and M1 mAChRs modulate both neuronal excitability (van Hooft et al., 2000; Lawrence et al., 2006b; Park and Spruston, 2012) and synaptic function (Auerbach and Segal, 1996; Palmer et al., 1997) , via the Gq protein subunit and downstream pathways. Activation of these receptors has also been implication in the induction of long-term depression at Schaffer collateral synapses made with CA1 pyramidal cells (Volk et al., 2007; Kamsler et al., 2010) and in the short-term depression of synaptic inhibition induced by postsynaptic depolarization (Edwards et al., 2006) . Here we detected cooperative interactions between mGluRs and mAChRs (Fig. 3) in the induction of LTP of EPSPs at synapses made with interneurons. A similar cooperation was evident in the control of interneuron membrane potential, in that antagonists of type I mGluRs suppressed the actions of mAChR agonists and vice versa (Fig. 6) . Such cooperation could involve the modulation of multiple conductances including the M-current (I M ), a calcium-activated potassium conductance (I AHP ) mediated by SK channels or a calcium-dependent cationic conductance (I CAT ; Lawrence et al., 2006a; Buchanan et al., 2010; Giessel and Sabatini, 2010) . Arguing against nonspecific pharmacological actions, such crossed actions were not evident in effects on miniature EPSC frequency induced by mGluRs and mAChRs (Fig. 4) nor on effects on afterpotentials induced by interneuron firing (Fig. 5) .
Such cooperation between mGluRs and mAchRs could arise at multiple sites, from G-protein activation, through second messenger pathways to effector sites, or even at the receptors. Thus, muscarinic M1 and glutamatergic mGluR5 signals cooperate in the induction of cortical LTD (Choi et al., 2005) , whereas adrenergic ␣1and glutamatergic mGluR1 signals converge on Gq to induce LTD at synapses made by hippocampal Schaffer collaterals (Scheiderer et al., 2008) . Alternatively antagonists at one re- Responses of an interneuron to fiber stimulation in stratum oriens (A1, B1) were recorded in parallel with unitary events evoked by a CA1 pyramidal cell (A2, B2) before and after activation of mAChRs (OxoM). The presynaptic pyramidal cell was recorded in whole-cell mode (A) or in cell-attached mode (B) to avoid the cytoplasm dialysis. A1, EPSPs induced in the interneuron by fiber stimulation were depressed before a long-term potentiation emerged. A2, From the same experiment as A1, unitary EPSPs induced in the interneuron showed a maintained depression when CA1 pyramidal cell action potentials were induced in whole-cell recording mode. B1, Sequence of depression followed by long-term potentiation of afferent EPSPs induced by activation of mAChRs (OxoM). B2, Same experiment as B1, unitary EPSPs showed a maintained potentiation when CA1 pyramidal cell action potentials were induced in a cell-attached record. A1 and B1 show EPSP slope averaged Ͼ20 events elicited at 15 s intervals. A2 and B2 show amplitudes of all unitary EPSPs evoked at 15 s intervals. B3, B4, Amplitude distributions for unitary events (red, top) elicited in an interneuron by pyramidal cell action potentials and of the noise (black, bottom) measured as described in Materials and Methods. Data were obtained from 256 trials at Ϫ15 to 0 min before and from 640 trials at 20 -40 min after the potentiation protocol. A Gaussian fit to the noise amplitude had a mean of 0.03 Ϯ 0.23 mV before and 0.01 Ϯ 0.24 mV after potentiation. From a double-Gaussian fit to events evoked by action potentials, the proportion of failures was reduced from 0.205 to 0.002. The synaptic efficacy, or amplitude of evoked EPSPs, was 0.8 Ϯ 0.4 mV before and 1.27 Ϯ 0.7 mV after plasticity was induced. Insets in B3 and B4 show overlays of 10 responses induced before and after LTP.
ceptor might suppress tonic actions on a second messenger system common to both. Thus, eliminating tonic actions of mAChR on intracellular PKC levels can block an mGluRmediated LTD of EPSPs terminating on CA1 pyramidal cells (Kamsler et al., 2010) . Functionally similar effects might occur if GPCR antagonists act as inverse agonists to reduce a tonic activity of molecules mediating the actions of mGluRs and mAChRs. Indeed MPEP, but not MCPG, has inverse agonist actions at group I mGluRs and atropine, but apparently not telenzepine, inhibits M1 type mAChRs as an inverse agonist (Davis et al., 2009) . Intracellular cooperation at the same or in different pathways could induce additive or supralinear effects on an intracellular component of LTP induction pathways, as for the synergistic actions of mGluR and mAChR activation on afterpotentials in CA1 pyramidal cells (Park and Spruston, 2012) . Alternatively cooperation might involve functional hetero-dimers of GPCR (Watts et al., 2013) . If so, downstream actions of potential mGluRI-mAChR heterodimers should be blocked by antagonists at both receptors. Distinct populations of mGluR and mAChR homodimers would also be needed to account for effects on transmitter release (Fig. 4) and on postfiring afterpotentials (Fig. 5 ) that were not suppressed by antagonists at the other receptor.
Expression site for anti-Hebbian LTP from dual recordings. How might postsynaptic interactions between mGluR, mAChR and Ca 2ϩ -permeable AMPARs induce LTP? Although we showed mGluRs and mAChRs cooperate to induce anti-Hebbian LTP, we also detected cooperative actions of these receptors in a long-term hyperpolarization of interneurons. We note that this long-term effect (Campanac et al., 2013 ) also required the activation of Ca 2ϩ -permeable AMPARs, because an opposing change in membrane potential occurred when interneurons were not hyperpolarized (compare Figs. 6, 3) . A persistent interneuron hyperpolarization might increase EPSP amplitude, although interneuron membrane potential was maintained in a relatively stable potential range during LTP expression (Fig. 3) . It is harder to explain how changes in postsynaptic potential could directly influence transmitter release.
Recordings of synaptic events induced by one neuron in another have provided special insights into LTP expression (Debanne et al., 1999; Pavlidis et al., 2000; Zilberter et al., 2009) . Paired recordings made in this work show that excitatory synapses between CA1 pyramidal cells and stratum oriens interneurons can exhibit LTP (Fig. 8) . They however show that both presynaptic and postsynaptic sites are sensitive to dialysis of effectors necessary to induce or maintain LTP. Persistent synaptic changes were only apparent when the presynaptic cell was excited via cell attached recordings and the postsynaptic cell was recorded in perforated patch mode.
Changes in the short-term plasticity and a reduced number of probable failures of minimally evoked EPSPs suggest presynaptic mechanisms may contribute to LTP expression at this synapse (Nicholson and Kullmann, 2014) . Analysis of fluctuations in EPSPs induced by single CA1 pyramidal cells (Fig. 8 ) support presynaptic effects, but does not exclude additional changes in postsynaptic efficacy. EPSP amplitude distributions were fitted with one Gaussian curve centered at 0 mV to describe instrumental and biological noise and a second Gaussian to describe evoked events. The proportion of transmission failures, defined by these distributions, suggests that these connections may involve one or few transmitter release sites (Gulyás et al., 1993) . When persistent changes in mean EPSP amplitude were detected, the frequency of failures was consistently reduced. We also detected an increase of 49% in the mean amplitude of evoked events for four of six connections. This reduced number of failures suggests a presynaptic site of LTP expression. A decreased failure rate has, however, also been attributed to the insertion of AMPA receptors at previously "silent" synapses (Kullmann, 1994; Isaac et al., 1995; Liao et al., 1995) , albeit for NMDAR-dependent LTP.
Coupling between cooperative presynaptic induction and postsynaptic expression of LTP A retrograde messenger seems necessary to link induction processes that apparently involve cooperative interactions between mGluRs, mAChRs, and Ca 2ϩ -permeable AMPARs and an LTP expression with a clear presynaptic component. It is interesting that endocannabinoids released from pyramidal cells affect GABA release from interneuron terminals during the phenomenon of depolarization-induced suppression-of-inhibition (DSI; Wilson and Nicoll, 2001 ). Both mGluRs (Morishita et al., 1998) and M1 mAChRs (Kim et al., 2002) facilitate DSI, enhancing endocannabinoid synthesis and release via shared pathways, but it is not clear whether there are cooperative effects as this study suggests for LTP. However work with antagonists of possible retrograde messengers as nitric oxide and 12-(S)-HPETE acting on TRPV1 receptors (transient receptor potential vanilloid 1 channel) has so far failed to identify a plausible candidate (Nicholson and Kullmann, 2014) . It may be worth pursuing distinct lipid signaling pathways that are activated by cooperative actions of mGluRs and M1 mAChRs.
Functional implications of synergy during LTP induction
These data suggest a triple requirement for LTP at excitatory synapses made with oriens interneurons. M1 mAChRs and type I mGluRs must be activated in conjunction with Ca 2ϩ entry via Ca 2ϩ -permeable AMPARs of oriens interneurons. When might these requirements be met? During exploration, cholinergic systems are active and pyramidal cell firing induced by septal afferents could liberate sufficient glutamate to activate oriens cell mGluRs. A simultaneous oriens hyperpolarization to enhance anti-Hebbian Ca 2ϩ may be mediated by inhibition from either septohippocampal cells (Blasco-Ibáñez and Freund, 1995; Chamberland et al., 2010; Tyan et al., 2014) and/or hippocampal VIP-containing cells (Acsády et al., 1996; Tyan et al., 2014) . Verification of this hypothesis will require evidence that either or both of these interneuron cell types fire during cholinergic activation and that oriens cells are sufficiently hyperpolarized that anti-Hebbian LTP is induced. The consequence of LTP induction at this synapse would be a long-lasting increase in the inhibition of distal pyramidal cell dendrites. Functionally such a persistent change would tend to suppress inputs from the entorhinal cortex and favor the transmission of intrahippocampal information from CA3 (Leão et al., 2012) .
